, suggesting that it is crucial for the endocytotic removal Several plasma membrane chloride channels are well of proteins from the urine. ClC-5 colocalizes with the characterized, but much less is known about the mo-H ϩ -ATPase in endosomes (Gü nther et al., 1998), and lecular identity and function of intracellular Cl Ϫ chanits disruption in mice causes a broad defect in renal nels. ClC-3 is thought to mediate swelling-activated endocytosis (Piwon et al., 2000). It probably provides plasma membrane currents, but we now show that an electrical shunt that is needed for the efficient proton this broadly expressed chloride channel is present in pumping of the electrogenic H ϩ -ATPase. This concept endosomal compartments and synaptic vesicles of is supported by the finding that disruption of either the neurons. While swelling-activated currents are unsingle yeast CLC gene or of a subunit of the V-type changed in mice with disrupted ClC-3, acidification of H ϩ -ATPase results in a common phenotype (Greene et synaptic vesicles is impaired and there is severe postnaal., 1993). tal degeneration of the retina and the hippocampus.
To elucidate the cellular and physiological roles of Results ClC-3, we disrupted the Clcn3 gene in mice. Clcn3 Ϫ/Ϫ (knockout, KO) mice were viable but smaller than wildDisruption of the Clcn3 Gene The Clcn3 gene was disrupted in embryonic stem cells type (WT) littermates. They showed a selective degeneration of the hippocampus that started around postnatal by replacing a segment of genomic sequence, including exon 3 by a selectable marker ( Figure 1A ). This deleted day 12 and led to its nearly complete loss after about a sequence coding for the first transmembrane domain 8 weeks. Nonetheless, Clcn3 Ϫ/Ϫ mice survived for more and is predicted to lead to a truncation of the protein. than a year and were able to acquire motor skills. In Homozygous Clcn3 Ϫ/Ϫ mice were obtained from heteroaddition, they completely lost their photoreceptors. KO zygous Clcn3 ϩ/Ϫ animals at approximately Mendelian mice had normal swelling-activated Cl Ϫ currents, in conratio. RNase protection assays using brain RNA from trast to the proposed function of ClC-3 (Duan et al.,
WT and KO mice showed a complete absence of normal 1997). Cell fractionation and immunocytochemistry of ClC-3 mRNA in Clcn3 Ϫ/Ϫ mice ( Figure 1C ). Immunoblottransfected cells revealed that ClC-3 is an intracellular ting membrane proteins using a specific antibody dichannel that is also present on synaptic vesicles. We rected against the amino terminus of ClC-3 revealed assumed that it contributes to vesicular acidification that the protein was absent in KO mice ( Figure 1D ). by providing an electrical shunt for the efficient proton pumping by the H ϩ -ATPase. Indeed, synaptic vesicles from KO mice were acidified at slower rates. ElectroGrowth Defect and Degeneration physiological analysis of hippocampal slices obtained of the Hippocampus at the beginning of degeneration did not reveal major Clcn3 Ϫ/Ϫ mice were smaller than their littermates at all defects at the network level, indicating that the funcages except immediately after birth ( Figures 1E and 1G ). tional loss preceding hippocampal degeneration is subAlthough they showed overall higher mortality, Clcn3 Ϫ/Ϫ tle. However, miniature excitatory postsynaptic currents mice survived for more than a year. Dissection of mice (mEPSCs) in CA1 pyramidal cells were slightly enhanced older than 3 months showed a drastic reduction of brain in amplitude while inhibitory GABAergic mIPSCs were size ( Figure 1F ). Brain sections revealed that the hippounchanged, suggesting enhanced vesicular glutamate campus was replaced by a large cavity contiguous with the ventricular system (Figures 2A and 2B) . The nearly filling in ClC-3-deficient mice. cles stained for ClC-3.
ClC-3 Is Expressed on Synaptic Vesicles and Is Involved in Their Acidification
Since ClC-3 is highly expressed in brain ( Figure 1D ), we asked whether it resides on synaptic vesicles. In an established procedure to purify synaptic vesicles from rat brain ( Figure 7C ). ClC-3 was found in all three subsets of vesicles. We also expressed an epitope-tagged version of ClC-3 in cultured hippocampal neurons from neonatal rats. ClC-3 appeared in structures that are typical for synaptic terminals and colocalized with synaptophysin ( Figure 7E ). The localization to synapses is also supported by our immunohistochemistry of the retina ( Figure 4C ). We compared synaptic vesicle proteins prepared from adult WT and KO mice ( Figure 8A ). There were no obvious differences in the abundance of the 116 kDa subunit of the H ϩ -ATPase and several synaptic vesicle proteins (synaptophysin, synaptogyrin, and synaptobrevin). There was also no difference in the GABA transporter VGAT, but a 48% Ϯ 15% (SD, n ϭ 6) reduction in the glutamate transporter VGLUT1/BNPI. Synaptic vesicles are acidified by a V-type H ϩ -ATPase that needs a parallel Cl Ϫ conductance for efficient pumping. The resulting electrochemical gradient is important for the uptake of neurotransmitters (Reimer et al., 1998; Gasnier, 2000) . The ATP-stimulated acidification of purified synaptic vesicles from either WT or KO mice depended on the presence of Cl Ϫ , but synaptic vesicles from KO mice acidified at lower rates ( Figure 8B ). We next determined the fraction of vesicular uptake of glutamate and dopamine that was driven by the proton gradient ( Figures 8C and 8D ). There was no difference in the uptake of dopamine, but glutamate uptake was significantly reduced in KO. Glutamate uptake is known to be driven by the vesicular membrane potential that is determined by the chloride concentration (Maycox et al., 1988). Therefore, we tested glutamate uptake activity at several different chloride concentrations. The relative chloride dependence of glutamate uptake was unchanged in vesicles from KO mice, suggesting that the reduction is due to a selective loss of glutamatergic Although a role of Cl Ϫ channels in synaptic vesicle acidification and neurotransmitter uptake is well established, to paired pulse stimulation, a test for local inhibitory circuitry and short-term plasticity ( Figure 9A ). Pairedthe molecular identity of these channels has remained elusive. We have now shown that ClC-3 is an intracellular pulse inhibition after 5 ms was similar in both groups, but paired-pulse potentiation at stimulus intervals bechloride channel that copurifies with endosomal markers and is expressed in various types of synaptic vesitween 10 and 200 ms was larger in WT mice. Thus, the only detected difference between WT and Clcn3 Ϫ/Ϫ mice cles. Surprisingly, the disruption of its gene in mice leads to a severe degeneration of the hippocampus and of at the network level was a subtle change in short-term plasticity, without signs of impaired excitability or exciphotoreceptors. Before onset of major neuronal loss, network and synaptic functions in the hippocampus retation-inhibition balance.
We then analyzed synaptic function at the micromain remarkably normal. scopic level by recording pharmacologically isolated miniature excitatory and inhibitory currents (mEPSCs, Roles of Intracellular Chloride Channels Biophysical studies have revealed Cl Ϫ conductances in Figure 9B , and mIPSCs, Figure 9D) toward larger amplitudes of miniature excitatory postClC-3 has a role in intravesicular acidification, as we synaptic currents (mEPSCs), consistent with a predicted have shown here for synaptic vesicles. The electrochemincrease of ⌬⌿ in synaptic vesicles of KO mice that ical proton gradient across synaptic vesicle membranes should in turn raise their glutamate content. In apparent drives the uptake of neurotransmitters. The transport of contrast to these electrophysiological findings from jumonoamines and acetylcholine depends predominantly venile tissue, the uptake of glutamate into synaptic vesion ⌬pH, whereas the electrical component ⌬⌿ of this cles isolated from whole brains of adult Clcn3 Ϫ/Ϫ mice gradient is more important for the uptake of GABA and was decreased. However, at this stage the amount of even more so for glutamate (Reimer et al., 1998 ; Bellocthe vesicular glutamate transporter VGLUT1/BNPI was chio et al., 2000). A vesicular Cl Ϫ conductance will inalso reduced ( Figure 8A ), compatible with a selective crease ⌬pH at the expense of ⌬⌿. Conversely, downregloss of glutamatergic vesicles or neurons in KO mice. ulating Cl Ϫ channels will decrease ⌬pH and increase ⌬⌿. This will enhance the uptake of glutamate, as its Thus, it remains possible that at physiological chloride 
